In the present study, we aimed to investigate the effects of sinomenine (SIN) on chronic intermittent hypoxia (CIH)-induced lung injury in rats, and to explore the underlying mechanisms.
Background
Obstructive sleep apnea syndrome (OSAS), a common disease which can lead to metabolic disorders, is characterized by complete or partial recurrent episodes of upper-respiratory tract obstruction during sleep, causing daytime fatigue, frequent arousals, intermittent hypoxemia, and other problems [1] [2] [3] . It has been revealed that OSAS is associated with decreased blood oxygen saturation [4] . The epithelial and endothelial cell injury in lung tissues can be induced by hypoxia. Approximately 2-4% of the adult population suffer from OSAS, and most are older adults [5] . Endothelial dysfunction, systemic inflammation, and oxidative stress are involved in the pathogenesis of OSAS. The typical pathophysiological feature of OSAS is chronic intermittent hypoxia (CIH), which is characterized by repeated alternation of normal oxygen levels and hypoxia. It has been confirmed that the long-term presence of CIH in OSAS patients is the major cause of systemic injury. In recent years, many CIH animal models have been developed to simulate OSAS pathophysiological environments for the study of CIH-induced tissue and organ injury [6] [7] [8] [9] [10] [11] [12] [13] .
As a pure alkaloid, sinomenine (7,8-didehydro-4-hydroxy3,7-dimethoxy-17-methyl-9a, 13a, 14a-morphinan-6-one; SIN) is extracted from the Chinese medicinal plant Sinomenium acutum, and it has been widely used for inflammatory diseases treatment in China [14, 15] . Previous studies have revealed the various pharmacological properties of SIN, such as anticancer, anti-inflammation, immunosuppression, cytoprotection, neuroprotection, and protection against acute lung injury [16] [17] [18] [19] [20] [21] [22] [23] . Nevertheless, to the best of our knowledge, no study has investigated the effects of SIN on the lung injury induced by CIH or explored the potential underlying molecular mechanisms.
Therefore, in the present study, we aimed to investigate the effects of sinomenine administration on the lung injury induced by CIH in rats, as well as the underlying molecular mechanisms.
Material and Methods

Chronic intermittent hypoxia (CIH) model establishment
A total of 20 SD rats (all males, body weight ~200 g) were supplied by the Vital River Company (Beijing, China). Rats were housed individually under a 12-h light-dark cycle at 25±2°C with 60±5% humidity. All the rats ate and drank freely.
Mice were randomly divided into 4 groups: 1. Control group (rats exposed to normoxia; n=5); 2. Con-S group with 5 rats (normoxia exposure + sinomenine administration 41 μg kg •min -1 for 25 days; n=5). An osmotic mini-pump (Alzet 2004; Alza, USA) was embedded into each rat of the Con-S group, CIH group, and CIH-S group.
The CIH model was established as previously described [24] . In brief, a hypoxic environment was created by using sealed chambers. The compressed air and pure nitrogen were then added into each chamber by means of a solenoid timing valve. The gas was infused into chambers at a cycle of 90 s. At the first 30 s of a cycle, in order to achieve a 5% minimum oxygen concentration, every chamber was infused with pure nitrogen. Chambers were infused with the compressed air for the remaining 60 s to make the concentration of the oxygen gradually return to 20.9%. Air was forced into the chambers of the control and Con-S groups. Finally, all rats were sacrificed by cervical dislocation. Blood was collected and centrifugated, and then the serum was stored at -80°C. One part of the lung tissues was collected and then fixed with 4% phosphate-buffered formaldehyde for histological analysis, and the other part of the lung tissues was immediately frozen in liquid nitrogen and then stored at -80°C. The present study was approved by the Ethics Committee of the Affiliated Hospital of Jiangnan University and the experiments were performed according to the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.
Histological staining [8]
The lung tissue specimens of the rats were first fixed with 10% formalin, paraffin-embedded, cut into 5-mm-thick slices, and then stained with hematoxylin and eosin (H&E) [8] . Images were obtained using light microscopy (Nikon Instrument Group, USA).
ELISA assay
The expression levels of TNF-a, IL-6, and IL-8 in the plasma of the rats were measured by using ELISA assay following the manufacturer's instructions for each kit. All experiments were repeated at least 3 times.
Detection of the MDA level and antioxidant enzyme activity
To detect the level of MDA and the activity of the antioxidant enzymes (SOD and CAT), the frozen lung specimens from rats were homogenized using tissue lysis buffer (Beyotime, China) according to the manufacturer's instructions. Then, the homogenates were centrifuged at 377.3 g (15 min, 4°C). Subsequently, the level of MDA in the supernatants was detected using an MDA detection kit (CST) according to the manufacturer's instructions. SOD and CAT activity in lung tissues were determined by using commercial assay kits (CST) following the manufacturer's instructions. The enzyme activity is presented as units/mg of protein [8] .
Real-time RT-PCR
Total RNA from the lung tissues was extracted using Trizol reagent (Invitrogen, USA) following the manufacturer's instructions. cDNAs were generated by performing reverse transcription assay using a reverse transcription kit following the manufacturer's instructions. Real-time PCR was applied to analyze the cDNAs by using the 2X Maxima SYBR Green/ROX qPCR Master Mix kit (Invitrogen) in line with the manufacturer's instructions. The amplification conditions were as follows: 94°C for 10 min for denaturation, followed by 38 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 60 s. In the present study, GAPDH served as the internal control, and the 2 -DDCq method [25] was used to analyze the data. Primer sequences were obtained from Gen Script Co., Ltd. (Nanjing, China) as required.
Western blot analysis
Total proteins from the lung tissues were collected using the lysis buffer. The concentration of proteins was detected by using the bicinchoninic acid (BCA) protein assay (Thermo Scientific, USA) per as the manufacturer's instructions. Equal amounts (25 μg) of the protein samples were resolved using 12% SDS-PAGE and then transferred onto PVDF membranes (Millipore, USA). Subsequently, the membranes were blocked with nonfat milk, incubated with primary antibodies (anti-b-actin, anti-p-p38, anti-NF-kB (p65), anti-Nox2, anti-Nrf2, anti-HO-1, and anti-NQO-1; with a 1: 1000 dilution for all (Cell Signaling Technology, Inc., Danvers, MA, USA), washed, and then incubated with a secondary antibody (1: 5000 dilution; Cell Signaling Technology, Inc., Danvers, MA, USA) at room temperature for 2 h. The protein blots were finally visualized using the chemiluminescent ECL reagent (Millipore, MA, USA). Densitometry (QuantityOne 4.5.0 software; Bio-Rad Inc., USA) was used to quantify the protein bands.
Statistical analysis
Data are displayed as mean ±SE. SPSS 17.0 software (IBM, USA) was used for statistical analysis. One-way ANOVA or Student's t-test was applied for the comparisons between groups. A value of p<0.05 was considered as a significant difference. 
Results
Histopathological characteristics
The results of H&E staining indicated that no differences of the histopathological characteristics between the control and Con-S groups were found in the present study. However, compared with control and Con-S groups, the CIH group showed increased infiltration of inflammatory cells, and bleeding, alveolar wall thickness, and edema were markedly increased in the CIH group. Compared with the CIH group, inflammation and pulmonary architecture distortion were markedly decreased in the CIH-S group (Figure 1 ).
SIN down-regulated the release of proinflammatory cytokines
As shown in Figure 2A -2C, no significant differences in the production of TNF-a, IL-6 and IL-8 were found between the control and Con-S groups. Compared with the controls, the level of TNF-a, IL-6, and IL-8 in the plasma was significantly increased in the CIH group, and SIN treatment markedly eliminated this increase.
In addition, p-p38 and NF-kB (p65) were assessed in the present study. We found that the protein levels of p-p38 and NF-kB (p65) were significantly enhanced in the lung tissues by CIH administration, and SIN treatment markedly decreased p-p38 and NF-kB (p65) expression ( Figure 2D-2F ).
SIN attenuated CIH-induced oxidative stress
Compared with the controls, the MDA level was significantly increased in the lung tissues of rats from the CIH group, indicating the enhanced oxidative stress in CIH treatment rats. Moreover, the findings suggested that the lung SOD activity and CAT level were both markedly reduced in CIH rats. SIN treatment effectively reduced MDA content and promoted the •min -1 for 25 days; CIH -rats exposed to CIH alone; CIH-S -rats with CIH exposure + sinomenine administration at 41 μg kg activity of SOD and the levels of CAT in the lung tissues of the CIH rats (Figure 3 ).
SIN inhibited CIH-induced expression of Nox2
The results indicated that compared with the controls, both protein and mRNA expression of Nox2 were significantly enhanced in the CIH and CIH-S rats, and SIN relieved the CIHinduced increase in Nox2 expression (Figure 4 ).
SIN activated Nrf2 signaling pathway
The nuclear factor erythroid-derived like 2 (Nrf2) signaling, a key antioxidant mechanism that maintains intracellular redox homeostasis underlying oxidative stress, was also assessed in our study. Compared with the controls, the protein and mRNA levels of Nrf2, HO-1, and NQO-1 was significantly decreased in the lung tissues of rats from the CIH group, and SIN treatment markedly eliminated this decrease ( Figure 5 ).
Discussion
OSAS, a risk factor for refractory hypertension, which is characterized by chronic intermittent hypoxia (CIH), is associated with several cardiovascular diseases. A number of studies have shown that CIH can cause various damage to the body, including myocardial injury, pancreatic injury, renal injury, liver •min -1 for 25 days; CIH -rats exposed to CIH alone; CIH-S -rats with CIH exposure + sinomenine administration at 41 μg kg -1
•min -1 for 25 days. Data are reported as means ±SE. * p<0.05 vs. control; # p<0.05 vs. CIH. injury, and lung injury [8, 24, [26] [27] [28] . The lungs are the organ most sensitive for hypoxia. Hypoxia can lead to acute physiological changes, including pulmonary artery vasoconstriction and alveolar hypoventilation. Moreover, hypoxia can lead to inflammatory cell infiltration, tissue edema, cytokines elevation, and oxidative stress in the lung. In our present study, we studied the lung injury induced by CIH in rats and explored the protective effect of SIN.
To perform our investigation, a CIH rat model was successfully established. The proinflammatory cytokines, including tumor necrosis factor (TNF-a), interleukin-6 (IL-6), and IL-8, have been revealed to play a critical role in promoting lung injury [29] . The present study showed that the levels of TNF-a, IL-6, and IL-8 were significantly increased in the plasma of CIH rats, and SIN treatment significantly eliminated this increase. To further explore the underlying mechanism, p-p38 and NF-kB (p65) were assessed in the present study. As expected, we found that SIN treatment significantly decreased p-p38 and NF-kB (p65) expression in CIH rats. Thus, SIN can inhibit TNF-a, IL-6, and IL-8 production in CIH rats, partly through repressing p-p38 and NF-kB (p65) activation.
Antioxidant capacity reduction and free radical levels elevation have been reported to be involved in the pathological changes of pulmonary diseases [30] . The effect of SIN on oxidative stress was determined by detecting MDA content, SOD activity, and CAT level in lung tissues. The findings indicated that oxidative stress in the lung tissues of rats was notably enhanced by CIH administration, and SIN treatment significantly inhibited the increased oxidative stress induced by CIH treatment. A previous study revealed that SIN exhibited 1579 antioxidant properties mainly through suppressing NADPH oxidase (NOX) [20] . Our results showed that Nox2 was significantly enhanced in the CIH and CIH-S rats, and SIN relieved the CIH-induced increase in Nox2 expression. These results are consistent with the present study. In addition, the Nrf2 signaling, a key antioxidant mechanism, maintains intracellular redox homeostasis underlying oxidative stress, which can be activated by SIN [31] , was also assessed in our study, showing that Nrf2 signaling was significantly repressed in the lung tissues of rats from the CIH group, and SIN treatment markedly eliminated this repression.
Taken together, our results indicate that SIN can reverse the lung injury induced by CIH through inhibiting inflammation and oxidative stress. We provide a more complete theoretical basis for the clinical treatment of CIH-induced lung injury.
Conclusions
SIN protects against lung injury induced by CIH via suppressing inflammation and oxidative stress.
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